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n a recent addendum, Oren Tzfadia and Gad Galili (PSB 2014; 9:e26732) showed that several Arabidopsis exocyst subunits possess consensus Atg8-interacting motifs (AIMs), which may mediate their interaction with the autophagy-associated Atg8 protein, providing thus a mechanistic base for participation of exocyst (sub)complexes in autophagy. However, the bioinformatically identified AIMs are short peptide motifs that may occur by chance. We thus performed an exhaustive search in a large collection of plant exocyst-derived sequences from our previous bioinformatic study and found that AIMs are over-represented among exocyst subunits of all lineages examined, including moss and club moss, compared with a representative sample of the Arabidopsis proteome. This is consistent with the proposed exocyst AIMs being biologically meaningful and evolutionarily ancient. Moreover, among the numerous EXO70 paralogs, the monocot-specific EXO70F clade appears to be exempt from the general AIM enrichment, suggesting a modification of the autophagy connection in a subset of exocyst variants.
The hetero-octameric exocyst complex, historically associated mainly with Golgi to plasmalemma membrane trafficking, [1] [2] [3] or at least its subunits and/or subcomplexes, was recently found to participate in autophagy in both metazoans 4 and plants. EXO70B1, one of the 23 EXO70 paralogs of Arabidopsis thaliana, is required for autophagy and vacuole biogenesis, colocalizes with the Atg8f autophagic marker, and probably participates, together with EXO84B and SEC5A, in an "autophagic" exocyst sub-complex. 5 Bioinformatic analysis of 20 out of the 35 exocyst subunits encoded by the A. thaliana genome revealed numerous consensus Atg8-interacting motifs (AIMs), 6 indicating a possible direct interaction between exocyst subunits and the Atg8 family of autophagy regulators. 7 However, AIMs are short peptide motifs with a degenerate consensus -
where the X positions are enriched in negatively charged amino acids (D,E) -that may pick false positives in pattern searches, and the presence of a consensus sequence alone may not be sufficient to conclude that the pattern is biologically relevant, i.e., that it binds the Atg8 protein in vivo (albeit its evolutionary conservation, as reported for one AIM within EXO70A1 and B1, 6 might be considered as additional evidence).
We thus decided to test whether exocyst subunits contain more AIMs than a randomly selected representative sample of plant protein sequences. To estimate a "baseline" distribution of AIMs, we employed the public PatMatch 8 server at The Arabidopsis Information Resource (TAIR, http://www.arabidopsis.org) to search the Arabidopsis proteome (TAIR10 reference protein sequences) for all versions of the AIM patterns from the recently published report. 6 From the results, a non-redundant list of AIMs present in the 7078 predicted proteins from A. thaliana Chromosome I was generated using builtin functions of Microsoft Excel, and distribution of AIM hit numbers per protein was estimated. Only very few protein sequences contained more than 2 AIMs (Figs. 1A-B  and 2B-D) . Then, standalone PatMatch (downloaded from the TAIR website) was used to search for AIMs in 382 exocyst Old AIMs of the exocyst: evidence for an ancestral association of exocyst subunits with autophagy-associated Atg8 proteins subunit sequences assembled in our previous study on exocyst evolution, 9 covering all subunits from a variety of plant lineages including Physcomitrella, Selaginella, and several monocot (grasses) and dicot angiosperms. Exocyst subunits contained, in general, dramatically more AIMs than the baseline proteins. All lineages examined (including moss and club moss representatives) behaved similarly, except the grasses, where the enrichment was far less pronounced (Fig. 1A) . The distribution of AIM frequencies in non-grass exocyst subunits appears to be lineage-independent, justifying the use of baseline data from Arabidopsis at least for non-grass lineages. The EXO70 subunits alone exhibited AIMs distribution similar to that found for the whole exocyst (Fig. 1B) . Since the numerous EXO70 paralogs form the majority of our exocyst sequence collection, they are the main source of the different AIM distribution in grasses.
In our recent study of Exocyst evolution 9 we confirmed the results of previous analyses suggesting that the diversification of EXO70s started already in the common ancestor of land plants, which had 3 EXO70 lineages ( Fig. 2A) . [10] [11] [12] One of them, EXO70.2, underwent subsequent extensive radiation that generated 6 major clades in angiosperms (EXO70 B,C,D,E,F, and H). Among these, EXO70H considerably expanded in the dicots, and its member EXO70H1 was shown to participate in pathogen defense in Arabidopsis together with EXO70B2, a close relative of the "autophagic" EXO70B1, 13 raising thus the possibility that the enormous diversity of the dicot EXO70H clade may be linked to biotic stress responses. In the monocots EXO70H radiation did not take place, but a novel major branch (termed EXO70FX), which may be grass-specific, evolved within the EXO70F clade. 9 An examination of the AIM frequency profiles in distinct EXO70 clades revealed that all of them except F are AIM-enriched to a lesser or greater extent, with EXO70B, D, and E containing most motifs (Fig. 2B  and C) . Within the F clade, the FX branch does not noticeably differ from the baseline (Chromosome I) profile, while "classical" EXO70Fs (including those from grasses) follow the overall exocyst pattern (Fig. 2D) . Thus, the difference between the monocots/grasses and the remaining lineages examined is not due to some overall feature of the grass or monocot proteomes or their EXO70s, but rather appears to be a specific consequence of the radiation of EXO70FXs, which apparently have lost the ancestral AIM enrichment. We have previously reported that most members of all 3 major EXO70 groups, with exception of EXO70FX, harbor up to 2 conserved peptide motifs at their otherwise variable N-termini. 9 Remarkably, one of these motifs (motif 2) in most proteins from the EXO70.1 and EXO70. ); this also is the motif recognized as common to EXO70A1 and EXO70B1 previously. 6 The distribution of AIM frequencies in exocyst proteins, together with recent experimental observations from both plants and metazoans, suggests that involvement of the exocyst complex in autophagy is evolutionarily conserved, and that a subset of EXO70 paralogs in (at least some) monocots has been modified in respect to their autophagic roles. This then relieved the selection pressure maintaining the interface(s) for binding the Atg8 protein, or even led to selective elimination of the AIMs to keep EXO70FX protected against autophagy in the context of grass pathogen defense.
To test if the presence of AIMs, which themselves are evolutionarily conserved from yeast to mammals, 14 is an ancestral feature of the exocyst subunits, we performed additional PatMatch searches on 17 exocyst subunit sequences from budding yeast and mouse, found by keyword searches of the reference section of GenBank. Consistent with Atg8 binding being common in exocyst proteins, all subunits except mouse Sec10, mouse Exo84, and yeast Sec8 contained 1 to 3 AIMs (however, the plant-derived AIM consensus might have been too restrictive for opisthokont sequence searches).
The autophagic pathway may thus be on the way toward joining other ancient features of eukaryotic cells that possibly date back to the last eukaryotic common ancestor (LECA), such as, e.g., the central cell cycle regulation machinery, 15 or the complex apparatus ensuring the cytoskeletal rearrangements and membrane-trafficking processes required for cell invasivity. 16 
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